In large-type goats that were fed on dry forage twice daily, dry forage intake was markedly suppressed after 40 min of feeding had elapsed. The objective of this study was to determine whether or not marked decreases in dry forage intake after 40 min of feeding are mainly caused by the two factors, that is, ruminal distension and increased plasma osmolality induced thirst produced by dry forage feeding. Six large-type male esophageal-and ruminal-fistulated goats (crossbred Japanese Saanen/Nubian, aged 2 to 6 years, weighing 85.14.89 kg) were used in two experiments. The animals were fed ad libitum a diet of roughly crushed alfalfa hay cubes for 2 h from 10:00 to 12:00 am during two experiments. Water was withheld during feeding in both experiments but was available for a period of 30 min after completion of the 2 h feeding period. In experiment 1, saliva lost via the esophageal fistula was replenished by an intraruminal infusion of artificial parotid saliva (RIAPS) in sham feeding conditions (SFC) control, and the treatment was maintained under normal feeding conditions (NFC). In experiment 2, a RIAPS and non-insertion of a balloon (RIAPS-NB) control was conducted in the same manner as the SFC control of experiment 1. The intraruminal infusion of hypertonic solution and insertion of a balloon (RIHS-IB) treatment was carried out simultaneously to reproduce the effects of changing salt content and ruminal distension due to feed entering the rumen. The results of experiment 1 showed that due to the effects of multiple dry forage suppressing factors when feed boluses entered the rumen, eating rates in the NFC treatment decreased (p<0.05) after 40 min of feeding and cumulative dry forage intake for the 2 h feeding period reduced to 43.8% of the SFC control (p<0.01). The results of experiment 2 indicated that due to the two suppressing factors of ruminal distension and increased plasma osmolality induced thirst, eating rates in the RIHS-IB treatment were, as observed under NFC, reduced (p<0.05) and cumulative dry forage intake for the 2 h feeding period decreased to 34.0% of the RIAPS-NB control (p<0.01). The combined effects of ruminal distension and increased plasma osmolality accounted for 77.5% of the suppression of dry forage intake 40 min after the start of dry forage feeding. The results indicate that ruminal distension and increased plasma osmolality induced thirst are the main factors in the suppression of dry forage intake in large-type goats.
INTRODUCTION
In goats fed on dry forage for 2 h twice daily, eating rates were rapidly decreased in the first 30 or 40 min of the 2 h feeding period and remained at low levels during the remaining time (Sunagawa et al., 2002; 2003; 2007) . In ruminants under normal feeding conditions whereby feed boluses enter the rumen, ruminal distension, ruminal fluid osmolality, and plasma osmolality induced thirst all increased at the same time during dry forage feeding (Thang et al., 2010) . Consequently, it is difficult to clarify which factors are mainly involved in the suppression of dry forage intake after 40 min of feeding in the experiments conducted under normal feeding conditions (Campling and Balch, 1961; Anil et al., 1993; Grovum, 1995) .
While there are a number of reports on the factors controlling dry forage intake in ruminants, the majority of them is based on normal feeding conditions and investigates a single factor and its effect on feed intake (Campling and Balch, 1961; Grovum, 1995) . Campling and Balch (1961) reported that feed intake was decreased when a balloon was inserted into the rumen and inflated with water in cows fed on hay and silage. Grovum (1995) reported that when the same dose of hyperosmotic sodium chloride, polyethylene glycol-400 (PEG), sodium acetate or sodium propionate was infused intraruminally to increase ruminal fluid osmolality in sheep, it resulted in the same-sized decrease in alfalfa pellet intake. However, Anil et al. (1993) reported that in cows, if a balloon inserted in the rumen was not filled with enough water or if the increase in ruminal fluid osmolality was insufficient, the amount of dry forage or silage intake was not decreased. From these reports, it remains unclear as to whether or not feed intake is depressed by ruminal distension and increases in ruminal fluid osmolality that occur with dry forage feeding under normal feeding conditions.
The utilization of the esophageal-fistulated goats enables the isolation of factors that are presumed to control dry forage intake. Thang et al. (2010; 2011b) has found that in large-type esophageal-fistulated goats were fed dry forage twice daily, the marked decrease in feed intake observed in the second hour of the 2 h feeding period is related to ruminal distension caused by the feed consumed and the copious amount of saliva secreted during dry forage feeding. In addition, Thang et al. (2011a) also indicated that the marked decreases in dry forage intake after 40 min of feeding are partly caused by increases in plasma osmolality and subsequent thirst sensations produced by dry forage feeding. From these reports, it is thought that the marked decreases in dry forage intake after 40 min of feeding may be caused additively through these multiple factors produced by dry forage feeding. However, the combined effects of ruminal distension and increased plasma osmolality on dry forage intake have not been examined.
The objective of this study was to determine whether or not the marked decreases in dry forage intake after 40 min of feeding are mainly caused by the two factors, that is, ruminal distension and increased plasma osmolality induced thirst produced by dry forage feeding.
MATERIALS AND METHODS

Animals
Six large-type male esophageal-and ruminal-fistulated goats (crossbred Japanese Saanen/Nubian, aged 2 to 6 years, weighing 85.14.89 kg) were used in this study. The goats were maintained in individual metabolism cages (length 2 mwidth 1 mheight 2 m) that allowed for the separate collection of urine and feces. The laboratory room was maintained under thermoneutral conditions (room temperature 22.20.38C; relative humidity 83.11.83%).
On non-experimental days, the animals were fed twice daily at 10:00 h and 16:00 h for 2 h each time. During the morning feeding period (10:00 to 12:00 h), the animals were fed 1.5 to 2.5 kg of roughly crushed alfalfa hay cubes. At 16:00 h each day, the animals were fed 300 g of hay and 200 g of concentrated beef cattle feed and half a spoon of multivitamins. The animals were given 5 L of water at each meal.
Experimental design
Experiment 1 -The differences between sham and normal feeding conditions : The six esophageal-and ruminal-fistulated goats were divided into two groups (group A: three animals; group B: three animals). The experiment was carried out in accordance with a cross-over design (Table 1 ). In the first experimental stage, group A was the control and was subjected to the intraruminal infusion of artificial parotid saliva under sham feeding conditions (SFC) while group B as the treatment maintained under normal feeding conditions (NFC). This was reversed in the second experimental stage in which group A was the treatment and maintained under the NFC while group B as the control was subjected to the intraruminal infusion of artificial parotid saliva under the SFC.
In the NFC treatment, the esophageal fistulae were always closed by plugs and the animals ate dry forage in the normal manner. However, in the SFC control, 3.5 L of artificial parotid saliva, a solution resembling parotid saliva (Sunagawa et al., 2008) , was intraruminally infused to replenish saliva removed from the esophageal fistula during sham feeding. The intraruminal infusion of artificial parotid saliva was carried out with a bath tub pump and started concurrently with the commencement of feeding. The artificial parotid saliva had an osmolality of 272.1 mOsmol/L, pH 8.6, and its concentrations of Na Experiment 2 -The effect of intraruminal infusion of hypertonic solution and insertion of a balloon on dry forage intake during sham feeding : Similar to experiment 1, the animals were split into two groups (A and B). This experiment was conducted in accordance with a cross-over design (Table 2 ). In the first experimental stage, group A was the control and received the intraruminal infusion of artificial parotid saliva and non-insertion of a balloon (RIAPS-NB) while group B as the treatment was subjected to the intraruminal infusion of hypertonic solution and insertion of a balloon (RIHS-IB). This was reversed in the second experimental stage in which group A as the treatment was subjected to the RIHS-IB while group B was the control and received the RIAPS-NB.
In the RIAPS-NB control, a balloon was not intraruminally inserted and at the start of feeding, 3.5 L of artificial parotid saliva was intraruminally infused using a bath tub pump. The artificial parotid saliva with an osmolality, pH, and concentrations of Na
and HPO 4 -were similar to those in experiment 1.
In the RIHS-IB treatment, a balloon was intraruminally inserted before the start of feeding and 6.20.38 L of warm water (35C) was infused into the balloon concurrently with the start of feeding using a bath tub pump. The weight of warm water that was infused into the balloon in the rumen in the RIHS-IB treatment was equivalent to the weight of feed boluses removed via an esophageal fistula during the 2 h feeding period (Thang et al., 2010) . The water-filled balloon in the rumen in this experiment was to reproduce the effects of ruminal distension under normal feeding conditions. At the start of feeding, 3.5 L of hypertonic solution was intraruminally infused to reproduce the effects of changing salt content due to feed entering in the rumen under normal feeding conditions using a bath tub pump. The hypertonic solution was made by adding NaCl into the artificial parotid saliva. In both experiments, the controls and the treatments were carried out with each group at 1 week intervals to ensure that animals had recovered and to minimize any compounding effect from the previous treatments. In order to ascertain the physiological state of animals, heart rate, respiration rate, and rectal temperature were measured daily prior to the morning feeding period. Heart rate was measured by counting heart sounds with a stethoscope placed 5 cm behind the left olecranon. Respiration rate was measured by counting respiratory sounds with a stethoscope, and observing and counting thoracic movement that occurs in conjunction with respiration. Rectal temperature was measured using a veterinary thermometer inserted 10 cm into the rectum for about 10 min.
One day before the start of each treatment, a polyethylene cannula (o.d. 1.50 mm, No. 5, Imamura Gomu, Tokyo, Japan) was inserted into the jugular vein on one side of each goat for collecting blood samples. A three-way tap was attached to the end of each cannula. The cannula was sewn to the skin on the animal's neck and back to secure it and filled with heparin-saline (50 IU/ml) to prevent coagulation of the blood.
Before starting the SFC control of experiment 1, and both the RIAPS-NB control and the RIHS-IB treatment of experiment 2 in the present study on experimental days, the plug for closing the esophageal fistula was removed and a cannula for collecting boluses was fitted into the fistula. Therefore, all swallowed boluses of dry forage intake and secreted saliva were collected in the cannula through the fistula.
On the experimental days, feeding time started at 10:00 h and finished at 12:00 h and during the 2 h feeding period, animals were fed ad libitum the roughly crushed alfalfa hay cubes. The animals were deprived of water during feeding in the controls and the treatments of both experiments. Following the completion of feeding, water was provided in a bucket and animals were freely drunk water for a period of 30 min (12:00 to 12:30 h).
The parameters measured in the present study were rate of eating, cumulative dry forage intake, thirst level, hematocrit, plasma osmolality, plasma concentrations of total protein, glucose, Na, K, and Cl, ruminal fluid pH, osmolality, and concentrations of Na, K, and Cl. The rate of eating (g dry matter (DM)/10 min) and the cumulative dry forage intake (g DM) were measured during the 2 h of feeding (10:00 to 12:00 h). Eating rate was determined by placing the roughly crushed alfalfa hay cubes in a feed box attached to a scale and measuring the weight of the remaining feed every 10 min for the duration of the 2 h feeding period. Fluid intake is regulated by thirst mechanisms (Guyton and Hall, 1996; Prasetiyono et al., 2000) . Thirst is a subjective perception that provides the urge for humans and animals to drink fluids (McKinley and Johnson, 2004) . The desire to drink, that is, is completely satisfied only when plasma osmolality or blood volume returns to normal. In the present study, thirst level (g/30 min) was defined as water intake for 30 min upon conclusion of the 2 h feeding period.
Blood samples (4 ml) were collected at 9:00, 10:00, 10:15, 10:30, 11:00, 11:30, 12:00 and 12:30 h through the polyethylene cannula. Prior to drawing the samples, a drop of heparin solution (1,000 IU/ml) was placed into a test tube. The blood samples were transferred to these test tubes, which were then placed in ice until plasma separation was carried out by centrifugation (16,260g, 10 min, 4C).
Ruminal fluid samples (30 ml) were collected at 9:00, 10:00, 10:15, 10:30, 11:00, 11:30, 12:00 and 12:30 h through the polyvinyl tube fitted in the ruminal fistula and put into test tubes placed in ice until ruminal fluid separation from sediments was carried out by centrifugation (12,320g, 10 min, 4C).
All surgical and experimental procedures were approved by the Animal Experimental Ethics Committee of the University of the Ryukyus and were in compliance with the Japanese code of practice for the care and use of animals for scientific purposes.
Chemical analysis of feeds
The alfalfa hay cubes (84.3% DM) contained, on a DM basis, 18.7% crude protein, 2.4% crude fat, 29.7% crude fiber, 39.7% nitrogen-free extract (NFE), 45.9% neutral detergent fiber (NDF), 36.6% acid detergent fiber (ADF), 0.10% Na, 2.39% K, 0.47% Cl, 1.40% Ca, 0.29% Mg, and 0.23% P. The proportion of each ingredient in the concentrated beef cattle feed was 48% maize, 24% sorghum, 1% barley, 3.5% soybean meal, 9.5% rapeseed meal, 6.0% wheat bran, 5.0% rice polishings, 0.5% molasses, 1.4% calcium carbonate, 0.5% alfalfa meal, 0.5% sodium chloride, 0.05% dicalcium phosphate, and 0.05% vitamin trace minerals premix. The concentrated beef cattle feed (86.9% DM) contained, on a DM basis, 13.4% crude protein, 3.6% crude fat, 3.7% crude fiber, 71.0% NFE, 14.6% NDF, 5.4% ADF, 0.25% Na, 0.71% K, 0.31% Cl, 0.78% Ca, 0.25% Mg, and 0.48% P.
Alfalfa hay cubes and concentrated beef cattle feed were subjected to draught drying (70C, 24 h) and were then ground with a Wiley mill (type 40-525P, Ikemoto, Rika Kougyou, Tokyo, Japan). The diameter of the holes of the mill grid was 1 mm. The chemical components of the feeds were quantified using the procedures described by the AOAC (1990). The chemical component analysis was conducted in triplicate using a total of three samples for each type of feed. The dry matter (DM) content was quantified by oven drying at 1352C for 2 h. The crude protein content was calculated from the nitrogen content of the feed determined by a Kjeldhal technique (AOAC, 1990) . The crude fat content of feed was determined by continuous extraction with ethyl ether for 16 h using a Soxhlet extraction apparatus. Crude fiber was determined by subjecting the residue from ether extraction to successive treatments with boiling sulfuric acid (1.25%) and sodium hydroxide (1.25%). Nitrogen-free extract (NFE) was calculated by subtraction of the sum of moisture, ash, crude protein, crude fat and crude fiber content from 100. The ADF and NDF were determined as described Van Soest et al. (1991) . For concentrated beef cattle feed, prior to adding the neutral detergent solution, the sample was boiled and pre-treated with -amylase at 40C. The samples were charred, ignited and reduced to ash at 550C in an electric furnace. The mineral content of the ash was then measured using an atomic absorption flame emission spectrophotometer (AA-6200, Shimadzu Corporation, Kyoto, Japan). The Cl content was measured using ion chromatographic methods.
Biochemical analysis
Blood samples were placed in capillary tubes and centrifuged using a hematocrit centrifuge (HC-12A, Tomy Seiko, Tokyo, Japan; 12,851g, 5 min) to determine hematocrit by hematocrit reader (Tomy Seiko, Tokyo, Japan). Plasma total protein concentration and osmolality were measured using a refractometer (Atago, Tokyo, Japan) and an osmometer (OM-6010, Kyoto Daiichi Kagaku, Kyoto, Japan), respectively. Plasma glucose concentration was measured using a Spotchem EZ (SP-4430, Arkray, Tokyo, Japan). The plasma concentrations of Na, K, and Cl were measured using a Spotchem EL (SE-1520, Arkray, Kyoto, Japan).
Ruminal fluid was analyzed for osmolality with an osmometer (OM-6010, Kyoto Daiichi Kagaku, Kyoto, Japan), for pH and Cl concentration by a pH/Ion meter F-53 (Horiba Ltd., Kyoto, Japan), and for concentrations of Na and K with an atomic absorption flame emission spectrophotometer (AA-6200, Shimadzu Corporation, Kyoto, Japan).
Statistical analysis
Factorial analysis (treatment, animal) of variance was performed and subsequent t-tests were used to determine the significance of treatment effects. For statistical analysis, General Linear Model (GLM) procedures (SAS Inst., Inc., Cary, NC, 1990) were adopted.
All data were analyzed using the following model:
Where Y ijklm = the measured variable on the l th replication of the j th animal within the i th group, the k th treatment and the m th period;  = the overall mean; G i = the effect of the i th group; A ij = the effect of the j th animal within the i th group; T k = the effect of the k th treatment; P m = the effect of the m th period; E ijklm = the random error effect.
RESULTS
Experiment 1 -The differences between sham and normal feeding conditions
Physiological parameters : The mean values of heart rate, respiration rate, and rectal temperature in the SFC control and the NFC treatment were 72.03.10 and 74.02.53 beats/min, 16.70.99 and 17.00.68 breaths/min, and 38.10.15 and 38.30.11C, respectively. There were no significant differences between the SFC control and the NFC treatment in the physiological parameters.
Rate of eating and cumulative dry forage intake : Figure  1 shows rate of eating and cumulative dry forage intake under SFC and NFC. Eating rates in the NFC treatment decreased rapidly in the first 30 min of feeding (0 to 10 min, 497.449.59 g; 20 to 30 min, 174.223.31 g) and subsequently declined gradually to very low rates (ranged from 43.610.31 to 165.833.56 g/10 min) for the remainder of the 2 h feeding period. Meanwhile, eating rates in the SFC control decreased slowly in the first 30 min of feeding (0 to 10 min, 512.841.21 g; 20 to 30 min, 311.919.22 g) and were then remained at high rates during the remaining time of the 2 h feeding period. Compared with the SFC control, eating rates in the NFC treatment were significantly lower (p<0.05) from 30 min after the start of feeding except at 50 and 100 min intervals.
In comparison with the SFC control (3,332.7270.32 g/2 h), cumulative dry forage intake in the NFC treatment (1,871.5109.27 g/2 h) was 43.8% less (p<0.01) upon conclusion of the 2 h feeding period.
Thirst level : Figure 2 shows thirst level under SFC and NFC. In comparison with the SFC control (633.3189.15 g/30 min), thirst level in the NFC treatment (3,333.3385.28 g/30 min), was 426.3% greater (p<0.01) upon conclusion of the 30 min drinking period.
Hematocrit, plasma concentrations of total protein and glucose : Table 3 presents hematocrit, plasma concentrations of total protein and glucose under SFC and NFC. Hematocrit and plasma total protein concentrations in both the SFC control and the NFC treatment increased rapidly during the first 15 min after the commencement of feeding. Subsequently, hematocrit and plasma total protein concentrations gradually decreased in the NFC treatment while remaining at high level in the SFC control for the remainder of the 2 h feeding period. Compared with the SFC control, hematocrit and plasma total protein concentrations in the NFC treatment were significantly lower (p<0.05) at 120 min and at 30 and 120 min intervals, respectively.
Plasma glucose concentrations in the SFC control and the NFC treatment were similar. There were no significant differences between the control and the treatment in terms of plasma glucose concentrations during the 2 h feeding period.
Plasma concentrations of Na, K and Cl : Plasma concentrations of Na, K and Cl under SFC and NFC is shown in Table 3 . Plasma concentrations of Na in the NFC treatment increased gradually while they mostly remained unchanged in the SFC control during the 2 h feeding period. Compared with the SFC control, plasma concentrations of Na in the NFC treatment were significantly lower (p<0.05) at -60, 0, and 15 min intervals but they were significantly higher (p<0.05) at 90, 120, and 150 min intervals.
Plasma K concentrations in the SFC control and the NFC treatment were similar. There were no significant differences between the control and the treatment in terms of plasma K concentrations before and during the 2 h feeding period.
Plasma Cl concentrations in the SFC control and the mOsmol/L upon conclusion of the 2 h feeding period. Meanwhile, plasma osmolality in the SFC control increased slightly and peaked (300.20.95 mOsmol/L) upon conclusion of the 2 h feeding period. Compared with the SFC control, plasma osmolality in the NFC treatment was significantly higher (p<0.05) from 30 min after the start of feeding.
Ruminal fluid osmolality in the NFC treatment increased progressively as feeding period elapsed and reached the highest level of 536.819.85 mOsmol/L upon conclusion of the 2 h feeding period. Meanwhile, ruminal fluid osmolality in the SFC control mostly remained unchanged during the 2 h feeding period. Compared with the SFC control, ruminal fluid osmolality in the NFC treatment was significantly higher (p<0.01) for the duration of the 2 h feeding period.
Ruminal fluid pH and concentrations of Na, K and Cl : Table 4 presents ruminal fluid pH and concentrations of Na, K and Cl under SFC and NFC. Ruminal fluid pH in the SFC control was slightly higher than compared with pre-feeding levels during the 2 h feeding period. Meanwhile, ruminal fluid pH in the NFC treatment decreased gradually and reached the lowest level of 6.00.05 at 150 min interval. Compared with the SFC control, ruminal fluid pH in the NFC treatment was significantly lower (p<0.01) for the duration of the 2 h feeding period.
In comparison with the SFC control, ruminal fluid concentrations of Na in the NFC treatment were not significantly different over the 2 h feeding period. Ruminal fluid concentrations of K in the SFC control tended to be reduced gradually while they increased progressively in the NFC treatment as feeding period elapsed. Compared with the SFC control, ruminal fluid concentrations of K in the NFC treatment were significantly higher (p<0.05) over the 2 h feeding period.
Ruminal fluid concentrations of Cl in the NFC treatment increased gradually and reached the highest level upon conclusion of the 2 h feeding period while they mostly remained unchanged in the SFC control for the duration of the 2 h feeding period. Compared with the SFC control, ruminal fluid concentrations of Cl in the NFC treatment were significantly higher (p<0.05) over the 2 h feeding period.
Experiment 2 -The effect of intraruminal infusion of hypertonic solution and insertion of a balloon on dry forage intake during sham feeding
Physiological parameters : The mean values of heart rate, respiration rate, and rectal temperature in the RIAPS-NB control and the RIHS-IB treatment were 72.03.10 and 75.05.08 beats/min, 16.70.99 and 16.30.33 breaths/min, and 38.10.15 and 38.30.11C, respectively. There were no significant differences between the RIAPS-NB control and the RIHS-IB treatment in the physiological parameters.
Rate of eating and cumulative dry forage intake : Figure  4 shows the effect of RIHS-IB treatment on rate of eating and cumulative dry forage intake. Eating rates in the RIAPS-NB control decreased slowly in the first 30 min of feeding (0 to 10 min, 512.841.21 g; 20 to 30 min, 311.919.22 g) and were then remained at high rates during the remaining time of the 2 h feeding period. Meanwhile, eating rates in the RIHS-IB treatment decreased rapidly in the first 30 min of feeding (0 to 10 min, 519.948.75 g; 20 to 30 min, 198.142.75 g) and subsequently declined gradually to very low rates (ranged from 95.530.99 to 168.647.49 g/10 min) for the rest of the 2 h feeding period. Compared with the RIAPS-NB control, eating rates in the RIHS-IB treatment were significantly lower (p<0.05) from 20 to 90 min after the start of feeding.
In comparison with the RIAPS-NB control (3,332.7270.32 g/2 h), cumulative dry forage intake in the RIHS-IB treatment (2,200.2235.15 g/2 h) was 34.0% less (p<0.01) upon conclusion of the 2 h feeding period.
Thirst level : Figure 5 shows the effect of RIHS-IB treatment on thirst level. In comparison with the RIAPS-NB control (633.3189.15 g/30 min), thirst level in the RIHS-IB treatment (3,525.0446.05 g/30 min) was 456.6% greater (p<0.01) upon conclusion of the 30 min drinking period. Hematocrit, plasma concentrations of total protein and glucose : Table 5 presents the effect of RIHS-IB treatment on hematocrit, plasma concentrations of total protein and glucose. Hematocrit and plasma total protein concentrations in both the RIAPS-NB control and the RIHS-IB treatment increased rapidly in the first 15 min after the start of feeding. Subsequently, hematocrit and plasma total protein concentrations decreased gradually in the RIHS-IB treatment while remaining at high level in the RIAPS-NB control for the remainder of the 2 h feeding period. Compared with the RIAPS-NB control, hematocrit and plasma total protein concentrations in the RIHS-IB treatment were significantly lower (p<0.05) at 120 and 150 min intervals and from 60 min after the start of feeding, respectively.
Plasma glucose concentrations in the RIHS-IB treatment were significantly lower (p<0.05) than those in the RIAPS-NB control at -60, 30, 60, 90, and 150 min intervals.
Plasma concentrations of Na, K and Cl : The effect of RIHS-IB treatment on plasma concentrations of Na, K and Cl is shown in Table 5 . Plasma concentrations of Na and Cl in the RIHS-IB treatment increased gradually while they mostly remained unchanged in the RIAPS-NB control during the 2 h feeding period. Compared with the RIAPS-NB control, plasma concentrations of Na and Cl in the RIHS-IB treatment were significantly greater (p<0.05) from 30 min and 60 min, respectively, after the commencement of feeding.
Plasma K concentrations in the RIAPS-NB control and the RIHS-IB treatment were similar. There were no significant differences between the RIAPS-NB control and the RIHS-IB treatment in terms of plasma K concentrations for the duration of the 2 h feeding period.
Osmolality of plasma and ruminal fluid : Figure 6 shows the effect of RIHS-IB treatment on osmolality of plasma and ruminal fluid. Plasma osmolality in the RIHS-IB treatment increased gradually and reached the level of 317.22.43 mOsmol/L upon conclusion of the 2 h feeding period. Meanwhile, plasma osmolality in the RIAPS-NB control increased very slowly and peaked (300.20.95 mOsmol/L) upon conclusion of the 2 h feeding period. Compared with the RIAPS-NB control, plasma osmolality in the RIHS-IB treatment was significantly higher (p<0.05) for the duration of the 2 h feeding period.
Ruminal fluid osmolality in the RIHS-IB treatment increased rapidly and reached the highest level of 465.515.71 mOsmol/L at 30 min after the start of feeding and subsequently decreased gradually to the end of the 2 h feeding period. Meanwhile, ruminal fluid osmolality in the RIAPS-NB control mostly remained unchanged during the 2 h feeding period. Compared with the RIAPS-NB control, ruminal fluid osmolality in the RIHS-IB treatment was significantly higher (p<0.01) for the duration of the 2 h feeding period. Table 5 . The effect of intraruminal infusion of hypertonic solution and insertion of a balloon on hematocrit, plasma concentrations of total protein, glucose, Na, K, and Cl Time before and after start of feeding (min) Ruminal fluid pH and concentrations of Na, K and Cl : Table 6 presents the effect of RIHS-IB treatment on ruminal fluid pH and concentrations of Na, K and Cl. Ruminal fluid pH in both the RIAPS-NB control and the RIHS-IB treatment was slightly higher than compared with prefeeding levels during the 2 h feeding period. In comparison with the RIAPS-NB control, ruminal fluid pH in the RIHS-IB treatment was significantly lower (p<0.05) at 15, 30, and 150 min intervals.
Ruminal fluid concentrations of Na and Cl in the RIHS-IB treatment increased rapidly after the start of feeding while they mostly remained unchanged in the RIAPS-NB control during the 2 h feeding period. Compared with the RIAPS-NB control, ruminal fluid concentrations of Na and Cl in the RIHS-IB treatment were significantly higher (p<0.05 and p<0.01, respectively) over the 2 h feeding period. Ruminal fluid concentrations of K in both the RIAPS-NB control and the RIHS-IB treatment tended to be reduced gradually as feeding period elapsed. There were no significant differences between the RIAPS-NB control and the RIHS-IB treatment in terms of ruminal fluid concentrations of K during the 2 h feeding period.
DISCUSSION
When feed boluses enter the rumen during dry forage feeding, ruminal fluid osmolality increases and the weight of the feed boluses causes ruminal distension. Volatile fatty acids are produced due to microbial fermentation and ruminal fluid pH decreases. Due to the large amount of saliva secreted during the initial stages of feeding, circulating plasma volume in the blood decreases and the ruminal absorption of salt content in the consumed feed causes an increase in plasma osmolality which stimulates frequent drinking behavior in the animals. In large-type goats were fed on dry forage twice daily, dry forage intake was markedly suppressed after 30 or 40 min of feeding had elapsed. However, the mechanism responsible for the suppression of dry forage intake after 40 min of feeding is still unclear.
The results of the present study indicated that in largetype goats were fed on dry forage twice daily, the marked reduction in dry forage intake after 40 min of feeding period had elapsed was caused by the ruminal distension and an increase in plasma osmolality brought about by dry forage feeding (approximately 77.5%). Because the water content on fresh forage is more than 80%, the increases in ruminal distension during feeding on fresh forage are greater than when dry forage is consumed (Narita et al., 2002) . It is therefore thought that fresh forage intake is mainly controlled by increases in ruminal distension rather than increases in plasma osmolality associated with feeding.
Under normal feeding conditions whereby feed boluses entered the rumen, it has been reported that feed intake in ruminants is controlled by a number of factors. These factors include ruminal distension (Campling and Balch, 1961; Mbanya et al., 1987; Anil et al., 1993) , volatile fatty acids Baile and Forbes, 1974; Bapat and Nangia, 1987; Anil et al., 1993; Mbanya et al., 1993) , ruminal fluid osmolality Tornouth and Beattie, 1971; Bergen, 1972; Kato et al., 1979; Phillip et al., 1981; Grovum and Bignell, 1989; Grovum, 1995) , plasma osmolality (Prasetiyono et al., 2000) , and circulating plasma volume (Sunagawa et al., 2001; 2003; 2005; 2007) . However, under normal feeding conditions, it was difficult to clarify which factors are mainly responsible for controlling feed intake because ruminal fluid and blood parameters (ruminal distension, ruminal fluid osmolality, ruminal fluid volatile fatty acids and plasma osmolality), which are thought to suppress feed intake, changed at the same time (Sunagawa et al., 1997; Thang et al., 2010) .
Under sham feeding conditions whereby feed boluses are removed before entering the rumen during dry forage feeding, increase in ruminal fluid osmolality, decrease in ruminal fluid pH, and increase in plasma osmolality that occur under normal feeding conditions when feed enters the rumen were not observed ( Figure 3 and Table 4 ; Thang et al., 2010) . Thang et al. (2010) found that salivary secretion volume during dry forage feeding, in large-type esophagealfistulated goats were fed dry forage twice daily, was greater in volume than the actual dry forage consumed. Thang et al. (2011b) also indicated that the marked decrease in dry forage intake in the second hour of the 2 h feeding period is related to ruminal distension caused by the feed consumed and the copious amount of saliva secreted during dry forage feeding in large-type esophageal-fistulated goats were fed dry forage twice daily. Furthermore, Thang et al. (2011a) has reported that when ruminal fluid osmolality increases during dry forage feeding, plasma osmolality must also increase and drinking behavior is consequently observed. Thang et al. (2011a) has found that the marked decreases in dry forage intake after 40 min of feeding are partly caused by increases in plasma osmolality and subsequent thirst sensations produced by dry forage feeding. Eating rates and cumulative dry forage intake under sham feeding conditions increased significantly compared to those under normal feeding conditions (Figure 1 ). These facts indicate that some factors are additively working to markedly suppress feed intake 40 min after the start of feeding.
In the SFC and RIAPS-NB controls, saliva lost via the esophageal fistula was replenished by an intraruminal infusion of artificial parotid saliva. An intraruminal infusion of hypertonic solution and insertion of a balloon in the RIHS-IB treatment were carried out in order to reproduce the effects of changing salt content and ruminal distension due to feed entering the rumen. The volume of artificial parotid saliva that was replenished in the rumen was approximately equal to the total volume of secreted saliva recorded during the 2 h feeding period under sham feeding conditions (Thang et al., 2010) . The weight of water that was infused into the balloon in the rumen was equivalent to the weight of feed boluses removed via an esophageal fistula during the 2 h feeding period (Thang et al., 2010) . After the intraruminal infusion of a hypertonic solution mixed with the rumen contents, the highest level of ruminal fluid osmolality in the RIHS-IB treatment was recorded to be 465.515.71 mOsmol/L. This value was still lower compared with the highest level of ruminal fluid osmolality (536.819.85 mOsmol/L) in the NFC treatment of experiment 1. From these results, it is thought that the effects of ruminal distension and increased plasma osmolality induced thirst on dry forage intake reproduced in the RIHS-IB treatment were mostly the same as those in the normal feeding conditions.
Cumulative dry forage intake in NFC treatment decreased to 43.8% of the SFC control. On the other hand, cumulative dry forage intake in the RIHS-IB treatment reduced to 34.0% of the RIAPS-NB control. From many reports (Campling and Balch, 1961; Baile and Forbes, 1974; Kato et al., 1979; Anil et al., 1993; Prasetiyono et al., 2000; Sunagawa et al., 2001; 2003; 2005; 2007) , it is thought that under normal feeding conditions such as the NFC treatment, multiple physiological factors are involved in the suppression of dry forage intake. However, in the RIHS-IB treatment, there were only two factors (ruminal distension and increased plasma osmolality) involved in the suppression of dry forage intake under sham feeding conditions. Consequently, the combined effect of ruminal distension and increased plasma osmolality induced thirst accounted for 77.5% of the suppression of dry forage intake 40 min after the start of feeding while other factors were responsible for 22.5% of this suppression of dry forage intake. It has been reported that peptides such as vasopressin (Meyer et al., 1989) , angiotensin II (Sunagawa et al., 2001) , corticotropinreleasing factor , urocortin , cholecystokinin (Grovum, 1981) , and leptin (Henry et al., 1999) suppress dry forage intake in sheep. It is therefore thought that the 22.5% suppression of dry forage intake in large-type goats can be partly attributed to these peptides. It can be concluded that ruminal distension and increased plasma osmolality induced thirst are the main factors in the suppression of dry forage intake in large-type goats.
The present study advances knowledge of the control of dry forage intake in domestic ruminants. Such information is an essential requirement in the development of methods to improve management, welfare and performance.
